Characteristics of a reversible-pump turbine have been measured with five different leading edge profiles in turbine mode. These profiles varied the inlet blade angle and the radius of curvature. Further geometry parameters have been investigated through numerical simulations. The pump turbine tested has much steeper flow-speed characteristics than a comparable Francis turbine. The most obvious geometry difference is the inlet part of the runner blades, where the blade angle for the pump turbine is much smaller than for the Francis turbine. Two different blade angles have been tested on a physical model and computational fluid dynamics (CFD) simulations have been performed on four different angles. Both methods show that a smaller blade angle gives less steep characteristics in turbine mode, whereas the measured s-shape in turbine brake-and turbine pumping mode gets more exaggerated. Long-radius leading edges result in less steep characteristics. The unstable pump turbine characteristics are in the literature shown to be a result of vortex formation in the runner and guide vane channels. A leading edge with longer curvature radius moves the formation of vortices towards higher speed of rotation.
Introduction
Many pumped storage hydropower plants with reversible-pump turbines (RPTs) suffer from stability problems during start-up in turbine mode, during load rejection or at low head operation. Three examples of this are described in Pejovic et al. [1] , Dörfler et al. [2] , and Klemm [3] . In the start-up, the turbine speed is synchronized with the grid frequency before the generator is loaded. At the time of synchronizing, the turbine runs in idle mode, and the opening of the guide vanes is small. At these conditions many pump turbines are dynamic unstable, and undergo oscillations in speed, torque, head, and flow rate. Francis turbines at the same operation point are commonly stable. Therefore, the starting point of this paper is that the stability depends on the turbine design and more specifically on the geometry of the runner inlet. It should be noted that the shape of pump turbine runners have more similarity to a pump than to a Francis turbine. Reverse running pumps have been utilized as generating turbines, as for example in water supply systems (Apfelbacher and Etzold [4] ).
The criterion for stability of the pump turbine is called dynamic when the shaft is disconnected from the generator and the speed of rotation varies with the unbalanced torque. In this situation the energy in the system may oscillate between rotating energy of the turbine shaft and kinetic energy in the water masses. The system is unstable if these oscillations are not dampened and a necessary but not sufficient criterion for the instability was derived by Martin [5] . This criterion demands the slope of the torque-speed (T ed -N ed ) characteristics to be positive. In fact the slope can be slightly positive and still stable depending on the fluid and machine time scales and the slope of the flow-speed (Q ed -N ed ) characteristic. Friction losses and possibly water elasticity also influence the stability limits. The dimensionless variables Q ed , T ed , and N ed are defined in Eq. (1) . When the pump turbine is connected to the generator with a frequency proportional to the electric grid frequency a static stability criterion applies. The system is then unstable if the slope of the pump turbine head-flow curve is positive and the magnitude greater than for the slope of the system head loss curve. At such an unstable operation point the system cannot withstand the smallest perturbation and the perturbation will grow exponentially towards some system limits.
This paper presents a parameter study on the pump turbine leading edge. This is performed on a physical model and characteristics are measured in the laboratory. Other parameters are studied by means of CFD simulations. The purpose of this work is to find out which geometry parameters that influence the characteristics and how significant they are. It is intended to keep the parameter alteration within a range that is relevant for manufacturers.
At the Waterpower laboratory in Trondheim two runners, one high head Francis and an RPT, have been tested. The runners have many similarities. Diameters of inlet and outlet and the inlet height are the same for both runners and the flow rate and head at best efficiency point (BEP) are close to each other, Table 1 . Both runners use the same distributor and draft tube. Despite many similarities the measured characteristics of the two runners are very different. As can be seen in Fig. 1 , the Francis characteristics of dimensionless flow rate versus dimensionless speed are shifted towards lower speed compared to the RPT characteristics. The Francis characteristics are also very steep in a small area around the runaway curve but they are not s-shaped as the RPT characteristics are. It should be noticed that the flow rate through the RPT depends very little on the speed of rotation in the major part of the chart, but at high speed the flow rate changes very rapidly.
The runners are also different and the most significant differences are the speed of rotation at BEP, blade angles, and the number of blades. The blade angles at the inlet are 12 and 68 deg for the RPT and the Francis, respectively, and the number of blades is six for the RPT and 24 for the Francis runner. The geometry of the RPT is shown in Fig. 2 together with the blade angle distribution. Because of the small blade angles towards the inlet of the RPT the blades are stretching circumferentially 180 deg.
Little is found in the literature on the runner geometry impact on characteristics but Olimstad et al. [6] and Nielsen and Olimstad [7] have presented some studies. From the model by Nielsen it can be seen that the diameter and speed of rotation both have great impact on the steepness of characteristics. Higher values give in both instances steeper characteristics. In Olimstad et al. [6] the inlet blade angle is investigated by means of a two-dimensional model and the characteristics became steeper with higher inlet blade angle. Olimstad also found that tiny geometry changes, as small as 0.1 deg in the blade angle, could be analyzed by the CFD model.
Parameter Study on the Physical Model
The leading edge of the runner was investigated by four different profile alterations. Small plastic parts were manufactured with a strong composite material to fit onto the outer part of the blade inlet. They were glued on to the model runner vanes and removed after testing. Four different profiles were made and tested. The main purpose of these profiles was to test different radius of curvature on the pressure side of the leading edge and the inlet blade angle. The profiles A and B both enlarge the radius of curvature on the pressure side but in two different ways. The profile C also enlarges the radius of curvature but is much more pronounced than the profiles A and B. The profile D is the same as profile C except that it is moved slightly toward lower radius and, consequently, has a smaller blade angle.
Profile A. This is an extension on the pressure side of the blade that increases the radius of curvature on that side (Fig. 3) . The thickness of the blade is slightly increased.
Profile B. This profile moves the leading edge towards lower radius and therewith makes the radius of curvature larger on the pressure side (Fig. 4) . The blade is slightly prolonged.
Profile C. The blade inlet is altered on both pressure and suction side and the radius of curvature is considerably larger on the pressure side (Fig. 5 ). The thickness of the blade is increased and the blade is slightly prolonged.
Profile D. This profile is equal to profile C except that the leading edge is moved towards lower radius (Fig. 6 ). The new radius is 0.16% shorter and the blade angle is 1.5 deg smaller. The main difference between the profiles C and D is the blade angle. This can be concluded after evaluation of impact on the head in the Euler turbine equation. Assuming that the relative flow angle equals the blade angle and omitting the outlet, since it remains unchanged, the Euler equation becomes Eq. (2). The blade angle as a single parameter will theoretically increase the head by 13.5% while the diameter will increase the head by only 0.5%. 
The test rig (Fig. 7) is a closed loop system where the water is driven by a pump. This delivers water through pipes to a pressurized tank. The water flows through a flowmeter before it enters the turbine. From the turbine it continues through an outlet tank before it returns to the pump. A generator that can also work as a motor is mounted on the turbine shaft. This generator floats freely and is held back from rotating by a level arm connected to a force cell that measures the force. The torque is obtained by multiplying this force with the length of the level arm. There is a perforated disk mounted on the shaft that is used by an optical device to measures the speed and three meters up-front of the turbine inlet there is an electromagnetic flowmeter. The pressure difference over the turbine is measured by a pressure transducer that gets one pressure signal from each side of the turbine. These are taken at four different angular positions on the pipes. The random errors in the measurements were found in BEP by 11 repeated measurements at the same operation point. The sampling period for each measurements was 30 s and the sampling rate was 1.4 Hz or higher. The standard deviations of the repeated measurements were, in percent of BEP values, 0.16 for efficiency, 0.07 for N ed , 0.27 for Q ed , and 0.28 for T ed . Repetition of a whole curve, such as that in Fig. 8 , shows no significant deviation in any part of the curve. To stabilize operation points in the s-region two valves were partly closed to elevate the head-flow curve and, therefore, fulfill the static stability criterion. The measurements were generally performed with 20 meter head, but the throttling valves decreased the head for some operation points. The absolute uncertainties of the measurements are considered to be of little importance since all results are comparisons of two measured curves. However, the accuracies for the test rig are 0.2% for the efficiency, 0.1% for the flow rate, 0.15% for the torque, and 0.16% for the pressure difference.
Results From Measurements. Two terms need to be defined before starting this section. The first term is the slope of the characteristics. This is generally the derivative of the flow-speed (Q ed -N ed ) characteristics, which takes different values along the curves. In this text it is taken to be the change in Q ed divided by the change in N ed between the runaway curve and 20% overspeed. The latter is where N ed /N ed * is equal to 1.2. The second term is the s-shape region hatt is defined as the region below the runaway curve that forms an s-shape. Additional notations are the turbine brake mode, which is the region between the runaway curve and zero flow rates and the reverse pump mode, which is the region below zero flow rates. the flow rate at high speed of rotation and positive flow rate. This effect is strongest just below the runaway curve and before the curve turns in the upper part of the s-shape. The s-shape is, however, exaggerated since the curves from the original blade and profile A meet at flow rates below zero. The numeric value for the slope at 10 deg guide vane opening is 7% lower than for the original profile, which means that the margin to the stability limit is increased. At 4 deg guide vane opening the s-shape was so much exaggerated that it could not be stabilized by the valves. No measurements were, therefore, done in this part of the curve. With profile A the runaway curve moved a little towards higher speed of rotation. At the best efficiency point the efficiency was degenerated by 0.2% (Fig. 10) . The BEP did not change operation point.
In pump mode the difference in the head-flow curve was very small (Fig. 11) .
Profile B. This profile also lifted the characteristics in the upper part of the s-region (Figs. 12 and 13) . Towards the best efficiency point and in reverse pump-mode the characteristics are very similar for profile B and the original profile. This gives a more distinctive s-shape. In BEP the efficiency is 0.5% lower for profile B. The pump curve is here shown as a head-flow curve. Profile B has a slightly lower pump capacity than the original profile (Fig. 14) , but the efficiency curves in pump mode are very similar (Fig. 15) . The characteristics in turbine mode differ at speeds just below nominal speed, and the curves forms an enveloped area. Profile B has higher head at these operation points. It comes from disadvantageous flow associated with the sharper leading edge at the suction side of the blade.
Profile B Compared to A. Profiles A and B have a conspicuous difference. This is that how they differ depends on the guide vane angle. For 10 and 13 deg guide vane openings the characteristics for profile B have higher flow rate than profile A. For the two lowest guide vane openings the relation is the opposite (Fig. 16) . It should be noticed that the differences are small. Profile C and D. These two profiles have almost the same effect on the characteristics compared to the original profile. Figure 17 shows the comparison of the original and profile C and Fig. 18 shows the comparison between profiles C and D. The Transactions of the ASME dimensionless flow rate versus speed characteristics are stretched towards higher speeds. Their slopes for the flow-speed characteristics at 10 deg guide vane opening are 12% less elevated than the slope of the original profile. They have a less distinctive s-shape than the original profile and the zero efficiency line has moved towards higher speed. The top efficiency is 0.5 and 0.4% lower for profile C and D, respectively. However, the efficiency curves for profiles C and D are broader than for the original profile (Fig. 19) . The difference between profiles C and D is small, but at high speeds profile D gave slightly higher flow rates, but it also has a slightly more distinctive s-shape. Profile C gave the steepest characteristics between best efficiency point and the runaway curve. In pump mode of operation there are small differences between the original profile and profiles C and D. The original and profile D are distinguished only at low flow rates where the original profile gave slightly higher pumping head (Fig. 20) . Compared to profile D, profile C has a slightly higher pumping head over the whole range of flow rates (Fig. 21) . The efficiencies in (Fig. 22) .
Parameter Study by CFD. Even though recent scientific papers, Widmer et al. [8] and Hasmatuchi et al. [9] document rotating stall in reversible pump turbines, this is not proven to be the root cause of the s-shaped characteristics. In fact the characteristics for low guide vane openings in Widmer et al. [8] are sshaped but have neither rotating stall cells nor unsteady vortices. Since the flow phenomena leading to s-shaped characteristics at low guide vane openings seem to be stationary, a stationary approach for the CFD is regarded as sufficient for the geometry comparisons analyzed here. Stationary CFD, both two-and threedimensional, have proven to detect the effect of the inlet blade angle correctly. In Olimstad et al. [6] blade angle differences, as small as 0.1 deg, were correctly simulated by CFD. A transient sliding mesh simulation for one characteristic curve has been conducted for accuracy assessment. This simulation included a 360 deg runner and guide vane cascade. The time step was given a value that corresponds to 1 deg runner rotation per time step and five full rotations were simulated for each operation point. Figure  23 compares the characteristics from the transient and a steady state simulation with the measured characteristics. Both the steady state and the unsteady simulation fail to predict the characteristic in the s-shape region.
The OpenFOAM CFD analysis was performed using one channel of the runner together with five guide vanes in stationary analysis using the frozen rotor approach. The blade leading edge had the same position relative to the guide vanes in all compared cases. As boundary conditions, velocity vectors were prescribed at the inlet with the same angle as the guide vanes. At the outlet the pressure was set to a fixed mean value and the velocity was restricted by a zero gradient condition on velocity normal to the boundary. The k-e model was used for modeling turbulence and inlet values reflecting 7% turbulence intensity was prescribed. Hexahedral is the only cell shape used and their amount was 185.000 for all simulations. The same mesh was used for all operational points on the respective geometry leading to a certain variation in the average values of the nondimensional wall distance yþ. Second order schemes were used for both convection and diffusion terms. The series of simulations that build up the characteristics were performed with constant speed and varying inlet flow rate. To calculate the head, the total pressure difference between inlet and outlet was found by integration on the boundaries and the energy in the draft tube swirl was included. When the new geometries were made, a set of (x,y,z) coordinates were computed based on a set of radii(r), heights(z), and blade angles(b). A blending function (F) with a smooth shape and values from zero to one was applied on the new and the original blade, such that: XYZ used ¼ XYZ original *F þ XYZ new *(F-1). This was done to secure fixed outlet regions when changes were made on the inlet. All blades in this article have a straight and vertical leading edge and by retaining this shape without the blending function, any change on blade angle is deemed to affect the outlet geometry. Geometry changes are by intention made small to avoid dominating secondary effects but are made large enough to have significant impact on the characteristics. The first compared parameters are blade angle and the inlet diameter. The blade angle is altered in two different ways, first directly on the leading edge angle and second on blade angles internally between inlet and outlet. The internal blade angle change is shown in Fig. 24 . At the inlet and outlet the angles are kept as original whereas the angles are given higher values in between. To quantify the change an integration of the blade angle curves is performed and the relative change in integral-area is denoted in the figures. The blade angles determine the length of the blades and, consequently, the position of the inlet. Higher blade angles give shorter blades and vice versa. The influence of the number of blades was investigated by simulation of characteristics with 3, 6, and 10 blades. Ten blades give the steepest slope 
Conclusions
The geometry changes performed in this article are by intention made small enough not to influence the BEP performance in turbine mode. This is confirmed by the measurements showing equal characteristics around BEP for all profiles. The geometry changes on the physical model were very small, with the smallest difference between profile C and profile D. The largest distance between these two profiles is 0.6 mm (Fig. 6) . From the standard IEC 60,193 [10] there is a geometric accuracy required of 0.1% of the outlet diameter, which for this turbine is 0.34 mm. Thus the difference between the two profiles is less than two times the demanded accuracy requirement from the IEC standard. An important conclusion is, therefore, that the characteristics can be altered by very small changes on the inlet blade profile without affecting the characteristics around best operation point.
Compared to the original profile, all four profiles had higher radius of curvature at the pressure side of the leading edge. Since the characteristics from all profiles were, consequently, less steep this clear relation is established. Both Staubli et al. [11] and Olimstad et al. [12] reported that a vortex formed in the entrance part of the runner channels is a cause of steeper characteristics. This vortex may be influenced from separation or turbulent eddies created by a too sharp a leading edge. Both profile A and B had a larger radius of curvature on the pressure side of the blade leading edge. While profile A increased the thickness of the blade, profile B slightly prolonged the blade. The effect on the characteristics was almost equal with less steep characteristics and a more distinctive "s-shape." A peculiar observation was made in the comparison between these two profiles, which was dependent on the guide vane opening. Profile B had the steepest characteristics for small guide vane angles and profile A had the steepest for high guide vane angles.
Profiles C and D had a more pronounced/thicker shape than profiles A and B. Consequently, their characteristics were even less steep. Their s-shapes were slightly less exaggerated and the efficiency curve had a lower top but preserved the efficiency better at off design operation points. The comparison of profiles C and D show that higher inlet blade angle gives steeper characteristics, but the effect is small. In pump mode the higher blade angle gave a slightly higher pumping head. The relation between the blade angle and characteristics is partly seen in measurements by Yamabe [13] and in CDF simulations on a two-dimensional model by Olimstad et al. [6] .
Generally the influence by the profiles were very small or none at all both in ordinary pumping mode and reverse pumping. The profiles had significant effect on the characteristics around the runaway curve. The profiles A and B were approximately 7% less steep and the profiles C and D were 12% less steep.
Simulations on the model further expanded the parameter study. The capability to capture the effect of the geometry changes showed to be good even though some flow features are not captured. These features are, for example, moving vortices Senoo and Yamaguchi [14] and rotating stall that occur in pump turbines, Widmer et al. [8] and Hasmatuchi et al. [9] . These are not captured here since the simulations were steady state. The blade angle variation confirmed the finding in the measurement that the characteristics get steeper with increased blade angle. The internal blade angle has the same effect. Simulations with decreased radii showed that decreasing the radius give less steep characteristics while comparison of 5, 6, and 10 runner blades showed that more blades give steeper characteristics. The radius is also a parameter in the model in Nielsen and Olimstad [7] , where the effect of decreasing the radius is the same as here.
To make a pump turbine more stable it is recommended to: increase radius of curvature on the pressure side of the leading edge in turbine mode, decrease the inlet radius, increase inlet blade angle, or increase the length of the blade. Transactions of the ASME Sub-and Superscripts
